This paper describes a modelling study of dissolved heavy metals in riverine systems, undertaken to introduce a new approach of the varied reaction coefficients used in the Advection-Dispersion Equation (ADE). The dissolved heavy metals, i.e. lead and cadmium, were modelled using a 1D hydro-environmental model. It is found that pH and EC play an essential role in adsorption and desorption of heavy metals by the particles in solution. Therefore, in this study we have tried to find the best relationships between pH and EC with the reaction coefficient. Relatively close agreement between predicted results and field-measured dissolved lead and cadmium concentrations were obtained for different varied reaction coefficients. Finally, the best relationships for the reaction coefficients for dissolved lead and cadmium were introduced and the results were successfully compared with the corresponding measured values. 
INTRODUCTION
In recent years there has been growing international public concern and an increased awareness of riverine pollution problems, particularly with regard to water pollution (Falconer & Lin 2003) . Human and aquatic life is often threatened by the transport of pollutants through riverine systems to coastal waters and it is therefore not surprising to find that, from a water quality point of view, rivers have been studied very extensively and for longer than any other water bodies (Thomann & Mueller 1987) . This is probably due to the fact that people live close to, or interact with, rivers and streams. Many rivers and estuaries have suffered environmental damage due to discharges from manufacturing processes and wastewater from centres of pollution over several decades. In recent years these environmental concerns have made the development of computer models that predict the dispersion of pollutants in natural water systems more urgent. The main attraction of such models, in contrast with physical models, is their low cost and their ease of adaptability to new situations. Thus the widespread popularity of mathematical modelling techniques for the hydrodynamic and pollutant transport in rivers justifies any attempt to develop new models based on novel and rigorous approaches (Nassehi & Bikangaga 1993) .
For modelling dissolved heavy metal transport in rivers, a good understanding of the phenomenon is necessary. Heavy metals generally exist in two phases in river waters, i.e. in the dissolved phase in the water column and in the particulate phase adsorbed on the sediments. The behaviour of heavy metals in the aquatic environment is strongly influenced by adsorption on organic and inorganic particles. The dissolved fraction of heavy metals may be transported via the process of advection -dispersion (Wu et al. 2005) . These pollutants are non-conservative in nature and their concentrations depend on salinity and pH, which may vary with time and along a river. As a result, the dissolved metal may come out of solution or even redissolve, depending on conditions along the time or channel (Nassehi & Bikangaga 1993) . Figure 1 illustrates the dissolved heavy metal transport process in a riverine system. In many studies (such as Nassehi & Bikangaga (1993) , Shrestha & Orlob (1996) , Wu et al. (2001 Wu et al. ( , 2005 , etc.) the researchers assumed a constant reaction coefficient with time, whereas in the field this coefficient may vary according to the rate of pH, salinity, temperature or even other chemical substances and other hydraulic characteristics of the river.
Numerical models provide a valuable tool for predicting the fate and transport of dissolved heavy metals in river environments and are increasingly used for such hydroenvironmental management studies of river waters. However, computer-based tools used for predicting such heavy metal concentrations are still used infrequently, even though they can support decision-making by the regulatory authorities, marine environment agencies and industry (Ng et al. 1996) .
OBJECTIVES OF THIS STUDY
Based on the effect of different substances such as pH and salinity on dissolved heavy metal concentrations in rivers, the necessity of heavy metal modelling with more accuracy in predicting the concentration is inevitable. Therefore the general objective of the research described in this paper is to provide a methodology predicting a varying reaction coefficient for dissolved lead and cadmium heavy metals using pH and EC (as a function of salinity) which affects the reaction coefficient in the ADE for improved accuracy.
This paper gives details of the development of a modelling approach for predicting dissolved heavy metal fluxes (lead and cadmium) and the application of the model to the Karoon River, located in the south west of Iran. The model was calibrated and verified against field-measured time series data for discharges, water levels and dissolved lead and cadmium heavy metal concentrations.
MATHEMATICAL MODEL DETAILS
Any numerical model used to predict the flow and dissolved heavy metal transport processes in rivers depends primarily on solving the governing hydro-environmental equations.
In most riverine systems, the basin is regarded as a 1D system, with longitudinal flow dominating throughout the system. The governing equations are as follows.
For flow modelling
The one-dimensional governing hydrodynamic equations 
The individual terms in the momentum equation refer to: (1) local acceleration, (2) advective acceleration, (3) pressure gradient and (4) bed resistance. Equations (1) and (2) are solved numerically to provide the varying values of discharge and water elevations at any point and time.
For dissolved heavy metals modelling
The transport of heavy metals in the dissolved phase can be described by the following one-dimensional advectiondispersion Equation (ADE) (Kashefipour 2002) :
The individual terms in the advection -dispersion 
The longitudinal dispersion coefficient in natural rivers is dependent upon many hydrodynamic parameters including depth, width, velocity and shear stress (Fischer et al. 1979) . In this paper the Kashefipour & Falconer (2002) relationship for the longitudinal dispersion coefficient has been used. This coefficient was based on applying the dimensional analysis procedure to more than 80 datasets in 30 natural rivers in the USA and the most accurate relationship for estimating the longitudinal dispersion coefficient was found to be of the following form:
In addition Tavakolizadeh (2006) used this dispersion coefficient for water quality modelling in the Karoon River and achieved acceptable results for different water quality parameters using this coefficient.
MODEL DEVELOPMENT
The main part of the ADE is the transformation term defining absorbed and desorbed particulate fluxes to or from sediments (S d t ). For water bodies close to outfalls the conditions are not generally consistent with equilibrium conditions. For equilibrium conditions it can be assumed that the parameter S d t in Equation (3) is equal to zero. On the other hand, no source or sink term is assumed. A review of the literature has shown that many researchers include this type of assumption in their models, such as Wu et al. (2005) . However, another group of researches, for example Nassehi & Bikangaga (1993) , assumed a reaction term having a form of Equation (6) with a constant coefficient.
In recent years much effort has been focused on correlating the partitioning rate of heavy metals in the particulate and dissolved phases to several environmental factors and water properties. This relation was always a problem for heavy metals modelling due to the complexity of the phenomenon and the amount of measured data.
Since the dissolved heavy metals in solution can be transported, and this may produce much damage to the environment, it seems to be better to only model this part of the heavy metals concentrations. Therefore, for heavy metals entrainment and going out of solution can be defined as a first-order reaction equation. This idea was first applied by Nassehi & Bikangaga (1993) with a constant reaction coefficient. In this research new reaction coefficients for dissolved lead and cadmium modelling are introduced due to pH and EC changes in the water column.
The key point is that the chemical characteristics of the flow, such as pH and EC, can affect the sorption and desorption of the dissolved heavy metals to or from the sediments, and these characteristics can have an important effect on the dissolved heavy metal concentrations. Therefore, for more accurate heavy metal modelling, a varying reaction coefficients has been suggested in this paper, linking these chemical parameters to the kinetic processes.
The first-order reaction equation may be defined as 
where the temperature coefficient (O in Equation (8)) may vary from 1.047 to 1.135. Based on the different characteristics of each heavy metal (such as lead, cadmium, etc.) the varying reaction coefficient should be computed and the corresponding relation of the reaction coefficient should be used separately for each metal. Kashefipour et al. (2006) showed that the accuracy of the predicted faecal indicator concentrations were significantly increased when they applied a time series varying decay equation instead of a constant coefficient.
In the current study, effort was focused on finding suitable functions to represent the reaction coefficient rate for dissolved lead and cadmium in rivers. In calibrating the model against measured dissolved lead and cadmium data, five approaches for each dissolved metal were used: (i) no rate of reaction for dissolved heavy metal (used by some researchers for equilibrium conditions), (ii) a constant reaction coefficient for the rate of reaction during the whole simulation time, (iii) a time-varying reaction coefficient for the rate of the reaction, using pH as a variable, (iv) a time-varying reaction coefficient for the rate of the reaction, using EC as a variable, and (v) a time-varying reaction coefficient for the rate of the reaction, using both pH and EC variables. For the first approach (case (i)) the reaction coefficient (k) was set to zero, and to find an appropriate constant k (case (ii)) a number of simulation calibration runs were carried out and the initial reaction For all approaches the model was then verified with another set of measured lead or cadmium data at the site.
FIELD DATA COLLECTION
The Karoon River is the largest and only navigable river in the south west of Iran (see Figure 2 
Hydrodynamic model results
The hydrodynamic module of the FASTER model was Table 1 .
Dissolved heavy metal model results
The rate of reaction coefficient plays an important role in accurately predicting the concentration distribution of the dissolved heavy metals for river, estuarine and coastal waters.
As was mentioned, in this study five different approaches were used to estimate the reaction coefficients for simulating the 
Dissolved lead model results
For the first run a conservative dissolved lead value was assumed, leading to a zero value for the rate of reaction coefficient. The fit between the predicted and measured data showed 25.2% and 33.3% errors for calibration and verification of the model, respectively. As can be seen from Figure 5 (a, b) the predicted dissolved lead in this case did not agree well with the corresponding measured data at the site.
In the second run, the dissolved metal concentration was assumed to be non-conservative, with the reaction coefficient in Equation (3) Figure 5(a, b) ). However, some research results suggest that the reaction coefficients for different pH and salinity conditions were not constant.
A more detailed investigation is being planned to determine the rate of reaction coefficient for different pH and EC.
According to this finding, it seems that using a variable reaction coefficient, which can be adjusted automatically within a numerical model, as a function of the pH, EC or pH and EC values may give better calibration results. (Azmathullah et al. 2005) . A number of simulations were carried out to find a formulation for describing the relationship between the reaction coefficient and the pH value. Using the measured dissolved lead concentrations, it was found that the most suitable relationship was of the following form:
The predicted results, for which the reaction coefficients were calculated using Equation (9) in the model, were compared with the corresponding measured values for calibration and verification in Figure 5(a, b) , respectively.
The comparison showed that the error of simulation had reduced to 1.9% and 15% for calibration and verification of the model, respectively.
In the next stage a number of simulations were also carried out to find a suitable formulation for describing the reaction coefficient with the EC value. It was found that the most suitable relationship between the reaction coefficient for dissolved lead and EC of the river was of the following form:
The predicted results, for which the reaction coefficients were calculated using Equation (10) in the model, were compared with the corresponding measured values for calibration and verification in Figure 5(a, b) , respectively.
This showed that the error of simulation had also declined to 0.8% and 10.8% for calibration and verification of the model, respectively.
The same procedure was applied to find the best relationship for k with both EC and pH:
Again the predicted results, for which the reaction coefficients were calculated using Equation (11) in the model, were then compared with the corresponding measured values for calibration and verification in Figure   5 (a, b), with the errors being calculated 0.4% and 8.3%, respectively. These results showed another improvement in the predicted dissolved lead concentrations.
Dissolved cadmium model results
The same procedure was carried out for dissolved cadmium modelling. For the first run cadmium was assumed to be conservative, for which the predicted data did not show reasonable agreement with the measured data and the error was estimated to be 71.1%
and 76.4% for model calibration and verification, respectively (see Figure 6(a, b) ). For the second run cadmium was assumed to be non-conservative, with a constant reaction coefficient and the best fit between the predicted and measured data occurred for a reaction coefficient of 0.38 d 21 . This assumption significantly reduced the error to 7.7% and 8.5% for model calibration and verification, respectively (see Figure 6(a, b) ).
The same procedure was applied and the following relationships between the reaction coefficient and pH and EC were suggested, as are listed in In deriving Equations (9) - (11) for lead and the similar ones for cadmium (Table 2) , it was assumed that the environmental factors and water properties remained constant during the whole simulation period. Since the model was calibrated using measured dissolved lead and cadmium at the site this assumption was thought to be valid.
However, there are some limitations in using these equations. Firstly, simultaneous measurements of dissolved lead and cadmium were only made at one site and for six The results show an average improvement of 25% and 71.5% in error estimations of lead and cadmium, respectively, when using pH and EC as two variables affecting the dynamic processes of these heavy metals.
CONCLUSIONS
Details are given of the hydro-environmental study to predict the heavy metals concentrations along rivers using a new approach to the source term of the advectiondispersion Equation (ADE). The main purpose of this study was to assess the impact of pH and EC on the reaction coefficient used in dissolved lead and cadmium modelling.
The hydrodynamic module was first calibrated and validated using the field-measured data taken at a site located along the Karoon River, the largest river in the south west of Iran. In order to find the best equation between pH and EC with the reaction coefficient used in the ADE too, many model runs were carried out and the water quality module was subsequently calibrated by adjusting the reaction coefficient. For each measured lead or cadmium value at any time the most appropriate reaction coefficient was specified and from there for the considered heavy metals a few equations between pH and EC with the reaction coefficient were proposed and added to the water quality module of the model. The main findings from the model simulations can be summarized as follows:
1. Five different procedures were used for estimating the rate of reaction coefficient for dissolved lead and cadmium, including: a zero reaction coefficient, a constant reaction coefficient, a varying reaction coefficient with pH, a varying reaction coefficient with EC and a varying reaction coefficient with both pH and EC.
2. Improvements were achieved in the predicted dissolved lead and cadmium concentration distributions when varying reaction coefficients were used.
3. The best fit between the predicted and measured values for simulation with a constant reaction coefficient was obtained when the coefficient was set to 0.12 and 0.38 d 21 for dissolved lead and cadmium, respectively.
4. According to Equations (9) -(11) for lead and the similar ones in Table 2 ively. The error estimation was decreased from an average of 30% to 4% for lead and 74% to 2.2% for cadmium when pH and EC were used as two variables affecting the reaction coefficient.
